The simulation of polymer-forming reactions can be a powerful tool to reduce the time and cost of developing new polymer formulations; formulations that can be potentially both more sustainable and less costly. A critical aspect of advancing such simulations is the reduction in the number of fitted parameters, and more specifically, the identification of fundamentally-correct parameters that can be applied to a range of reactions as opposed to parameters specific to each reaction. This paper presents an innovative approach focusing on the frequency factor of the Arrhenius equation resulting in insight to how this frequency factor is a characterization of mass transfer that can be broadly applied to a range of similar reactions. The result is a reduction in the number of fitted parameters needed for simulation and providing a more fundamental, efficient, and robust method to simulate thermoset polymerization reactions. Impacts of mass transfer limitations due to the large increase of resin viscosities during thermoset polymer reactions were reflected in the frequency (pre-exponential) factor of Arrhenius equation. By representing the frequency factor as the sum of viscosity-dependent and a viscosityindependent terms to account the impact of inter-and intra-molecular diffusion/movement of the reacting moieties in the resin, the same pre-exponential factor was able to be used for catalytic and non-catalytic paths. Impacts of catalysts were reflected in lower activation energies. Temperature profiles of urethane gel reactions were used to characterize the reactivities of different polyols based on the fractional content of primary (versus secondary) hydroxyl moieties. This approach the simulation results of reaction temperature show good agreement with the experimental data.
Introduction
Polyurethane demand is growing 5% every year due to its versatile and high performance in many applications. [1] [2] [3] Thermosetting reaction of polyurethane is a complex process with over a dozen degrees of freedom. For these reasons, there is a desire to use simulation to predict key parameters used to design processes for making polyurethane devices such as car seat cushions and refrigerator insulation.
Generally, polyurethane is a matrix of organic chains joined by urethane molecules and is produces from the reaction of alcohol and isocyanate groups. [4] [5] [6] The general gelling reaction of polyurethane can be written as:
where R and R 0 are long organic chains that contain additional isocyanate and alcohol moieties. The chemical structure and the properties of the polyol and the isocyanate, in addition to the other additives, 7 determine the nal properties of the nal polyurethane polymer. 8 Polyurethane foam is produced by adding chemical and/or physical blowing agent to the formulation. 9 In the current research, the impact of viscosity on the mass transfer limitation were studied for gel reactions. Previous studies 10, 11 identify how to simulate the performance of blowing agents when provided parameters that characterize the gel reactions.
The kinetics of polyurethane reaction has been the subject of interest of many researchers. Grepinet et al. 12 develop a method to characterize the kinetic parameters of the reaction of toluene diisocyanate (TDI) and poly(propylene glycol) using 1 H-NMR.
This method was able to determine six individual rate constants and to study the inuence of the temperature using SIMULBATCH so-ware. Deng and Martin 13 treated the intra-diffusion of the thermosetting polymer chains as a process parallel to the diffusion of the ionic species and developed a model for estimating the average diffusion coefficient in the curing system based on the dielectric measurement of the ionic conductivity and the dipole relaxation time. The study provided an insight for the relation between diffusion-controlled cure kinetics and structure-property for thermoset reactions.
Liu et al.
14 suggest a concise expression of reaction kinetics of stepwise polymerization in diffusion controlled regime using Monte Carlo simulation and scaling analysis. The simulation study shows two regions for reaction-controlled and diffusioncontrolled. The suggested expression relates the average degree of polymerization to the initial concentration and reaction time through a power law dependence.
Król 15 developed a mathematical model of a complex system of ordinary differential equations for the reaction of TDI and 1,4-butanediol by following Flory's assumptions for 32 subsequent and parallel polyurethane reactions. The model assumed different reactivates for the isocyanate groups. Good agreement was obtained with the experimental data.
These studies were limited to specic recipes, non-catalysed reactions, and did not study the impact of viscosity increase on reaction kinetics.
The simulation of polyurethane reactions of Ghoreishi et al. 16 was based on the characterization of the reactivity of alcohol moieties of the polyols in terms of the fractional content of the primary, secondary and hindered secondary (tertiary) alcohol moieties concentration. The approach provided good simulation results of some polyols, however, there was deviations when higher or lower viscosity polyols were reacting. The higher viscosity leads to slower reaction rates.
Toward the goal of considering the impact of viscosity on reaction kinetics, Al-Moameri et al. 17 developed two fundamental approaches to model mass transfer limitations of the reactive moieties during the reaction. The rst approach was based on modelling the diffusion step using a power-law expression similar to that used for reactions and where the moieties are diffusing to form an encounter complex that might react to a product or diffused apart. The second approach considered the rate of change of viscosity in the Arrhenius preexponential factor. The work concluded that (a) both inter-and intra-molecular movements are critical reaction steps in polymer-forming reactions, (b) the frequency factor term can be successfully used to simulate the mass transfer step of this liquid phase polymer-forming reactions, (c) the same frequency factor term can be used for catalytic and non-catalytic paths where the impact of the catalyst is reected in the activation energy, and (d) the "hindered" secondary alcohol term of previous works leading to this simulation study are not necessary.
The shortcomings of this research were it was limited to two known polyols that are having a high concentration of secondary alcohols moieties, and the research did not adequately summarize how the approach reduces the number of parameters needed to simulate polymerization. The current research is a follow-up work to the second approach.
Background

Shortcomings of the previous simulation
During thermoset polymerization, the viscosity is oen increased several orders of magnitude starting from hundreds or few thousands of centipoises. 18, 19 Ghoreishi et al.'s simulating approach is able to predict reaction temperature proles of various polyols in urethane formations with a method that assigned a fractional content of "hindered" secondary alcohol moieties. Al-Moameri et al. 17 concluded that "hindered secondary polyols" were not a separate type of moiety, but rather, an artefact of the slow reaction due to viscosity increases that leads to a substantial decrease in diffusion rates and subsequently reaction rates. It was hypothesized that inaccuracies encountered with Ghoreishi et al.'s simulations when extrapolating reaction rate constants from one system to another were due to differences in viscosity, and that use of a constant pre-exponential factor of Arrhenius equation was insufficient approach to extrapolate the modelling toward using other polyols with a wider range of viscosity.
Parameters for simulation
In general, many parameters were needed to simulate the reactions of polyurethane reactions. These parameters are (a) the physical properties of the reacting monomers and the produced urethane polymer which are obtained from literature or suppliers and (b) thermodynamic and kinetic parameters which are either obtained from literature, external experiments or tted to get better simulation results. For a polyurethane gel reaction of one polyol reacting with isocyanate in the presence of a catalyst, eqn (2) lists the possible reactions of two multifunctional alcohol and isocyanate monomers:
For these reactions, Table 1 shows that 68 tted parameters were needed for simulation out of 80 parameters assuming constant physical properties (density, heat capacity, heat of reaction) in the range of reaction temperature C).
Heuristics and constitutive equations were adopted to reduce this large number of parameters to a more reasonable number. These heuristics were:
The heat of reaction of alcohol and isocyanate moieties was the same regardless if the alcohol moiety is primary, secondary, or hindered secondary.
The frequency factors and the activation energies of noncatalytic and catalytic reactions of alcohol moieties with the isocyanate are the same regardless if the alcohol or the isocyanate moieties were attached to a monomer or to a polymer.
Constitutive equations are dened as the relations between two physical quantities for a material. A constitutive equation for calculating the hydroxyl number from polyol molecular weight and functionality were used to reduce the number of parameters.
For the viscosity modelling where a group contribution method was used, six tted parameters were needed for calculating the viscosity of the polyol, isocyanate, and the urethane polymer as shown in eqn (4) where i refers to polyol, isocyanate, or polymer.
Two constitutive equations were used for relating the tted parameters of the urethane polymer to the polymer degree of polymerization as shown in eqn (5) .
The heuristics and the constitutive equations reduced the number of tted parameters by less than one third (from 68 to 19) as shown in Table 2 .
To follow-up the approach presented earlier by Al-Moameri et al. 17 on considering the pre-exponential factor of Arrhenius equation as a frequency factor, the common form of Arrhenius equation for each polymerization reaction was revised to the following form to include the impact of inter-and intramolecular diffusion.
Inter-molecular diffusion was assumed to proportional to reaction temperature and reversely with resin viscosity. Intramolecular movement was assumed to be proportional to the reaction temperature. This assumption provides better simulation results compared to the previous assumption where it was proportional to the square root temperature.
Eqn (6) was re-written in the following form where A 0 depends whether the alcohol moieties are primary of secondary.
Using this equation in this form for non-catalytic and catalytic reactions increase the number of tted parameters of Table  2 . Several constitutive equations and heuristics were adopted to reduce the tted parameters. These heuristics were:
The fraction of the hindered secondary alcohol moieties presented in previous simulation were dropped.
A constitutive equation was assumed to relate the tted parameters A 0 and A 1 . The frequency factors of the catalytic path were set to be equal to the frequency factors of the non-catalytic path.
The tted parameter A 0 for the reaction of the primary alcohol moieties is set as six times the frequency factor of the reaction of the secondary alcohol moieties. The activation energy for the secondary alcohol moieties reaction was set as 1500 greater than the that for the primary alcohol moieties reaction for catalytic and non-catalytic paths. Table 3 shows a comparison of the equations used in this approach and the set of equations used in the previous simulations. The equations show that any urethane system of one polyol and one catalyst can be simulated using this approach if the fraction of primary alcohol moieties and the activation energy of the catalytic reaction of the primary alcohol moieties is known in addition to chemical and physical properties of the polyol and isocyanate. The other kinetic parameters are related to each other. Table 4 shows that how the current approach of the current research reduces the number of tted parameters needed for the gel reaction of polyurethane catalytic polymerization from 19 (as shown in Table 2 ) to 9.
The novelty of this work relative to previous publications on this topic were:
(1) The current simulation provides a fundamental approach for considering the impact of mass transfer limitation in the calculation of the pre-exponential factor of Arrhenius equation.
(2) The number of tted parameters of reaction rate constant needed to simulate polyurethane gelling reactions were successfully reduced.
(3) For a gel reaction of one polyol with isocyanate, the number of differential equations of the rate expressions were reduced from 12 to 8.
(4) The approach of the current research can successfully extrapolate to include the different formulation of different viscosities.
Experimental
Materials PAPI (standard polymeric MDI) from Dow Chemical Co. was the isocyanate (A side) used in this study, Voranol 360 from Dow Chemical Co., Voranol 490 Dow Chemical Co., Poly G76-635 from FSI, Jeffol R-315x from FSI, DEG from Sigma-Aldrich and TEG from Alfa Aesar were the six polyols (B side) used in this study, and the specications of each one are shown in Table 5 . N,N-Dimethylcyclohexyl-amine (DMCHA) as catalyst 8, N,N,N 0 ,N 00 ,N 00 -pentamethyldiethylene-triamine (PMDETA) as catalyst 5 both from FSI and DABACO BL-17 catalyst from Air Products were used as amine based catalyst (Fomrez UL-29) from Galata Chemicals LLC was used as tin based catalyst in this study. Momentive L6900 was used as a surfactant, tris(1-chloro-2-propyl)phosphate (TCPP) was used as re retardant and the amount of the surfactant and re retardant were kept at 0.15% (mass fraction), the isocyanate index was kept at 1.1 for Frequency factor of catalytic reaction of the moieties Fitted 3 Table 3 Comparison of equations used in the previous and current simulation
Kinetic expression Previous simulation Current simulation
Frequency factor (non-catalytic) all reactions. Table 6 shows the recipes of the homogeneous reactions. The reaction temperature and viscosity change were obtained as temperature-time proles and viscosity-time proles.
Gel preparation and data collection
The following steps were used in the gel experiments:
(1) Polyols (B-side components), catalysts, surfactant and re retardant were added into a paper cup, then the B-side components were mixed for 10 s.
(2) Aer that, pre-weighed isocyanate (A-side material) by syringe to reduce weight loss, then added and mixed with (Bside components) at the same speed for 10 s.
(3) Finally, the mixture le in the paper cup covered by polyurethane foam to insulate the reaction and to reduce the heat loss and reaction temperature is recorded or poured into a viscometer cup and viscosity is recorded.
All experiments were carried out at room temperature in order to avoid deviations in reaction kinetics and molecular weight of the polymer. 20 A high speed mixer blade (2000 rpm) attached to a oor-model drill press was used to mix the chemicals, mixing rate was kept constant for all experiments as it may affect the viscosity proles, 21 LabVIEW so-ware was used to monitor the reaction temperature versus reaction time with a type-k thermo-couple attached through a National Instruments SCB-68 box to a National Instruments PCI 6024E data acquisition card and Cole-Parmer Basic Viscometer used to measure viscosity in a wide range of centipoise (cp).
Aer surrogate primary and secondary polyol molecules were used to identify Arrhenius parameters of Table 3 for primary and secondary alcohol moieties, the fraction of primary alcohol moieties (parameter) was used to optimize this parameter to kinetic data on a polyol's reaction in the recipe of Table 6 . In the solving of the ordinary differential equations of the model (and subsequent simulations), the concentrations of primary and secondary alcohol moieties were independently followed based on the initial conditions dened by eqn (8) and (9) .
Results and discussion
The kinetic equations used by Zhao et al. [22] [23] [24] for calculating reactions rate constants for polyurethane polymerization reaction were revised using the modied Arrhenius equation of eqn (7) with a fraction of primary alcohol moieties (X P,0 ) in polyol monomers (no hindered secondary moieties) being the only polyol-dependent parameter determined from kinetic data. The heat of reactions and heat capacities of the primary and secondary alcohol moieties were assumed equal and have been adopted from the previous studies.
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Unlike the previous study of Ghoreishi 16 where 1-pentanol was used as a reference for obtaining the kinetic parameters of the fraction content of primary alcohol moieties, the current study uses DEG and TEG due to: (a) the more readily available data on viscosity and (b) the gel points of DEG and TEG formulations that allow parameters A 0 and A 1 to be decoupled. Fig. 1 shows the experimental data and simulation results of the gel reaction of DEG and TEG. Compared to the results of the previous simulation, the Fig. 2 simulation shows considerably better agreement with experimental data of reaction temperature and resin viscosity with a slight deviation at the time of the maximum reaction temperature. These data were used to identify the parameters A 0 , A 1 , and E P for primary alcohol moieties reacting with PMDI.
To determine parameters for secondary moieties, V490 was assumed of having a 100% secondary alcohol moiety. The t of the model to data are presented by Fig. 2 ; the tted parameters were E S and A 0 S ¼ A 0 /6. The good t of the model to the data is shown by Fig. 3 . This t is better than pervious results despite the use of only two parameters. In total, ve parameters were t to the surrogate molecules selected to represent 100% primary alcohol and 100% secondary alcohols. From this basis, different polyols were specied by a best t of X P,0 to the data, and each catalyst was ultimately tted to one parameter; that being the activation energies associated with that catalyst for primary moieties, E P,i for catalyst "i". It was observed that E S,i ¼ E P,i + 1500 provided a good t to the data. This class of reactions (polyols reacting with PMDI) is specied by 3 frequency factor parameters and 1 + Y activation energies for a series including Y catalysts. Contour plots for the different systematic content of fractional alcohol content of V360 are shown in Fig. 4 . Contour plots provide a useful method to identify how the performance of different polyols at the different fractional content of alcohol moieties. The temperature prole is becoming faster at higher primary alcohol moiety content and slower as the secondary alcohol moiety content increases. The simulation was tested assuming X P,0 ¼ 0 fractional content of primary alcohol moieties and a slower increase in temperature was obtained. The second test of X P,0 ¼ 0.25 shows a model temperature prole with temperature increases faster than the data. The best t for V360 was obtained at a X P,0 ¼ 0.11. The new simulation shows good agreement with the previous simulation of Ghoreishi et al. 16 Simulation results of PolyG show good agreement with the experimental data and previous simulation. The fractional content of X P,0 ¼ 0.25 provides a good t to the experimental data.
Experimental results of Jeffol R315x show a rapid increase in reaction temperature as compared to other polyols. This variation may likely due to catalyst content, either added to the polyol are incorporated into the polyol mixture. A value of X P,0 ¼ 0.75 was used which takes into account this inherent catalytic activity. Simulation of the current code shows better results compared to the previous simulation. Table 7 summarizes the fractional content of alcohol moieties of each polyol. Table 8 summarizes all the parameters needed for current approach simulation and how the number of tted parameters reduced from those in Table 2 . Fig. 5 summarizes how the values of the frequency factors of primary alcohol moieties reactions depend on temperature (which changes with time) and depend on the gel point. The inter-molecular diffusion term increases when the viscosity decreases in the region before the gel point and decreases to zero at the gel point. The intra-molecular diffusion term increases with increasing reaction temperature. The value of the frequency factor depends on the change of reaction temperature and resin viscosity in the region before the gel point and depend on only reaction temperature aer the gel point. The value of the frequency factor of DEG reaction shows higher values due to its lower viscosity compared to V360 and V490. What may appear as subtle differences in frequency factors can have a signicant impact on adiabatic reaction systems.
The successful simulation of the reaction of different polyols were tested for the reaction of two different mixtures of polyols as shown in Fig. 6 . The rst mixture of 50% V360 and 50% V490 shows good agreement with experimental data of temperature prole. Experimental data of viscosity prole shows variation compared to simulation result which may due to a slight error in experiment measurement. The second mixture of 50% V490, 25% Jeffol R315x, and 25% PolyG shows that simulation is slower than experimental data. This is attributed to the content of Jeffol R315x which shows a faster reaction temperature as shown in Fig. 4 . Table 8 Number of parameters needed for simulating polyurethane reaction considering the heuristics and constitutive equations of the current approach. IO indicates the information was "independently obtained" for information other than kinetic data. Fitted parameters include the fitted parameters for both primary and secondary moieties and reflect that E S,i ¼ E P,i + 1500 The simulation of the current code was extended to study the effect of catalyst in the polymerization reaction of polyurethane. The same frequency factor for non-catalytic path was used for the catalytic path and the impact of catalysts loading were reected in lower activation energies. This approach provides a more fundamental understanding of catalyst role in chemical reactions.
Four different catalyst were studied and simulated successfully. Fig. 7 shows the impact of three amine catalyst (Cat8, Cat5, and DBTDL BL-17) and one tin catalyst (Formez UL-29) at two loadings. Table 9 compares previous and current values of the activation energies for these catalysts. The simulation results of these catalysts show a variation compared to experimental results and previous simulation results of Zhao et al. These variations are likely attributed to (a) the fewer number of parameters used by this approach and (b) to the fact that catalytic reactions are following chain growth mechanisms as opposed to step growth mechanism suggested by the simulation. The tin catalyst shows more deviation to the experimental data of the current and previous simulations. This is attributed to the non-linear relation of the increase in catalytic rate and the catalyst loadings.
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The values of A 0 in eqn (7) for primary and secondary alcohol moieties were tested for simulating 1-pentanol and 2-pentanol. 1-Pentanol has one primary alcohol moiety (100% primary alcohol content) and 2-pentanol has one secondary alcohol moiety (100% secondary alcohol content). Toluene was added as a solvent to reduce the heat of the reactions. Average values of the viscosities (based on experimental measurement) were used to calculate the frequency factors. The t of the simulation to data is summarized in Fig. 8 . The results are remarkably accurate considering that the simulation lines are purely predictive based on eqn (7) parameters t to DEG and TEG. Numeric values of the frequency factors for 1-pentanol and 2-pentanol (as calculated upon substitution of temperature and viscosity values into eqn (7)) were initially at 2.3 due to the lower viscosity of these alcohols in the toluene diluent. These compare to 0.61 for DEG and accurately extrapolate the tted parameters for DEG and V490 to 1-pentanol and 2-pentanol. Due to the low viscosity of the formulations, the inter-molecular diffusion term of eqn (7) is dominant. A slight variation in the new code for the two systems were observed which might be due to (a) using average viscosity for calculating rate constants or (b) error in the experiment results due to the evaporation of toluene at higher reaction temperatures.
The rate of intra-molecular movement was assumed to be proportional to reaction temperature as shown in eqn (7) . Different values of the power of temperature were tested to provide the best t to the data. Unlike the previous simulation of Al-Moameri et al. 17 where the power was assumed 0.5, a power of 1 was found to provide the optimum value as shown in Fig. 9 .
Conclusions
Adopting a computer program for simulating thermoset reactions provides a powerful tool for formulator to develop new formulations and to use less costly materials to obtain desirable material properties. This paper presents an innovation approach for simulating thermoset reactions that uses few tted parameters that can be applied to a wide range of reagents.
Arrhenius equation theory suggests that the frequency factor term is primarily dependent upon diffusion (which impacts frequency of collision) and steric hindrance (which impacts the efficiency of collisions in a manner independent of moiety energy surfaces). However, over a century of data on liquid phase reactions has le the impression that frequency factors are unique to molecules of reaction as opposed to a morebroader factor. The work presented in this paper has identied how a common frequency factor term can be shared over a range of polyol reagents; this observation was made possible because of the manner in which the viscosity of urethane thermoset reactions can change by orders of magnitude during the reaction.
This nding is signicant from many perspectives because it:
reduces the number of parameters needed to simulate reaction proles over a class of reagents such as various polyols in urethane reactions, can provide a "base case" of trends in reaction rate constants of a range of molecules that can be used to identify more fundamentally correct activation energies and perturbations from expected behavior (that can be used to gain further insight), and generally advance theory, insight, and consistency when pursuing the attaining of the maximum information from reaction rate data.
For the urethane reactions of this study the number of parameters needed to perform simulation was reduced, where:
This approach allowed alcohol moiety characterizations to be reduced to primary and secondary where a previous category of "hindered secondary" was dropped; the conclusion being that a phenomena associated with hindered secondary alcohols was actually due to variations in viscosity.
What was previously "6Y + 6" tted parameters for frequency factor and activation energies for a homogenous reaction and Y catalysts (for primary, secondary, and hindered secondary moieties) has become 3 frequency factor terms and "Y + 1" activation energies (for primary and secondary alcohols). Fig. 8 Simulation results of 1-pentanol and 2-pentanol reactions. Circles and triangles refer to experimental data of temperature (blue) and viscosity (red) in the presence of 20% toluene. Squares and diamonds refer to experimental data of temperature and viscosity in the presence of 50% toluene. Straight lines refer to current simulation. Fig. 9 Simulation results of reaction temperature at different power of T of eqn (7).
The use of common frequency factor terms has led to consistent trends in activation energies where better catalysts provide lower activation energies. This work will lead to a revision of previously published kinetic parameters by these authors.
In this paper, the rate of inter-molecular movement (the rotational movements of segments) was assumed to be proportional to the reaction temperature to a power between 0.5 and 1.0 where a power of 1.0 was identied as providing the better t to data. Also, the reaction rate constant for the reaction of primary alcohol moieties were set at six times the reaction rate constant of the secondary alcohol moieties. These studies provide a basis where a single activation energy for a new catalyst (possibly from a single data point) for this system can provide a reasonable characterization of the catalyst and simulation of the catalyst's impact. As more accurate simulations are needed; these base case parameters can be supplemented similar to the way the van der Waals equation supplements the ideal gas law.
From a broader perspective, it is common practice to ignore the temperature dependence of the frequency factor; this can lead to errors in the activation energy by forcing all temperature dependence upon the activation energy term. This masking meaningful trends in activation energies can stunt the advancement of science.
